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ABSTRACT. In the northwestern U.S., the greatest amounts of forest erosion usually follow infrequent wildfires. Sediment 
from these fires is gradually routed through the stream system. The forest road network is usually the second greatest 
source of sediment, generating sediment annually. Erosion rates associated with timber harvest, biomass removal, and 
prescribed fire are generally minimal with current management practices. Landslides and debris flows can contribute 
significant amounts of sediment during infrequent wet years or following wildfire. A relatively new source of sediment in 
forested watersheds is recreation, particularly all-terrain vehicle trails. Stream channels store and route sediment; in the 
absence of channel disturbance, they tend to reach an equilibrium condition in which sediment entering a given reach is 
balanced by sediment carried downstream. At times, sediment from roads, wildfire, or landslides may accumulate in 
channels until higher flow rates, often associated with rainfall on melting snow, flush it downstream. Prediction tools are 
needed to aid forest managers in estimating the impacts of soil erosion on upland productivity and the risks of sediment 
delivery to downstream habitats and water users. Tools have been developed to aid in estimating long-term, low-level 
erosion in undisturbed forests and delivery of sediment from roads, and tools for estimating short-term, event-driven 
sediment from disturbed forests have also been developed. Online and GIS interfaces were developed using the Water 
Erosion Prediction Project (WEPP) model, including soil, vegetation, and climate databases. The online interfaces were 
developed to allow users to more easily predict soil erosion and sediment delivery for a wide range of climatic and forest 
conditions, including roads, fires, and timber harvest. There have been ongoing efforts to improve the online watershed 
interface to better model channel processes, road networks, and spatial variability associated with wildfire and weather. 
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he objective of this article is to provide an 
overview of erosion and sedimentation processes 
in northwestern U.S. forests, in particular the 
states of Washington, Idaho, and Oregon. This 

article discusses the role of wildfire, forest management 
(including the road network), and weather on upland 
erosion rates and sediment delivery. It then describes a suite 
of erosion prediction tools that have been developed 
specifically for forested conditions, based on the Water 
Erosion Prediction Project (WEPP) model. 

The combined area in forests in the three northwestern 
states is about 40 million ha (Bolsinger, 1973; Idaho Forest 
Products Commission, 2012). These forests provide timber 
for construction, fiber for paper and other industrial 
applications, habitat for a host of terrestrial and aquatic 
wildlife, recreational opportunities, and carbon seques-

tration. Forested watersheds are recognized for the high 
quality of surface water they generate (Dissmeyer, 2000). 
This is particularly true in the western U.S., where water is 
in great demand for both human activities and for 
sustaining aquatic ecosystems. Patric et al. (1984) observed 
that, in the coastal forests of the western U.S., sediment 
delivery from watersheds was greater than from forests 
elsewhere in the country. 

Both hillside erosion and sediment delivery are important 
to forest managers. Detachment and displacement of 
sediment can adversely affect forest soil productivity (Elliot 
et al., 1999a), and delivered sediment adversely impacts 
aquatic habitat (Bisson et al., 2003) and reduces the quality 
of water for downstream users (Dissmeyer, 2000). Sediment 
from forest watersheds is generated by three main 
processes: surface erosion, mass wasting, and stream 
channel erosion (Elliot et al., 2010b). The three processes 
often overlap or complement each other. For example, 
following a wildfire, surface erosion may exceed the 
capacity of a channel to transport the eroded sediments, so 
sediment deposits in flood plains. In the decades that 
follow, the deposited sediments are gradually entrained and 
transported further downstream. A landslide may expose 
bare mineral soil, aggravating surface erosion. Streambank 
erosion may undercut a steep bank at the toe of a 
marginally stable hill, resulting in a landslide (Reid, 2010). 
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Surface erosion is generally minimal unless a hillslope is 
disturbed (Megahan and King, 2004, Elliot et al., 2010b). 
The two main disturbances in forests are wildfire and the 
road network. Other disturbances are associated with 
timber harvest, prescribed fire, recreational access, and 
animal activity. Superimposed on these surface distur-
bances are climatic factors that lead to major runoff events, 
such as heavy rainfall, rapid warming resulting in high 
snowmelt rates, or heavy rain falling on a snow pack (i.e., 
rain-on-snow; McClelland et al., 1997). Weather events that 
result in most of the erosion occur only about once in ten 
years (Gares et al., 1994; Kirchner et al., 2001). The 
variability in forest erosion is increased with the variability 
of wildfire (McDonald et al., 2000), after which surface 
erosion risk is the greatest (Megahan and King, 2004; Elliot 
et al., 2010b; Robichaud et al., 2011). Recent studies over 
several decades have suggested that sediment yields in 
forests range from 0.02 to 0.1 Mg ha-1 year-1 (Kirchner et 
al., 2001). However, Kirchner et al. (2001) reported that 
cosmogenic studies indicate that true long-term (thousands 
of years) erosion rates are likely to be 1 to 5 Mg ha-1 year-1, 
and they attributed this difference to infrequent fires and 
severe storms following those fires. Table 1 summarizes 
observed sediment delivery rates from roads and forests in 
the northwestern U.S. All values were converted to 
common units for comparison, with the road values 
assuming a road density of 2.5 km of road per km2 of 
forest. Ranges are given for the values in table 1 because 
the observed erosion rate during a given study is highly 
dependent on the weather events during that study. 
Frequently, there is no observed sediment delivery 
associated with forest management (Covert, 2003; Elliot 
and Glaza, 2009; Robichaud et al., 2011). 

In order to minimize the generation of excessive 
sediment in forest watersheds, managers need to understand 
the processes that generate sediment in forest watersheds, 
and they need access to tools that can aid in assessing the 
impacts of forest management on sediment generation. The 
objectives of this article are to describe the processes of 
sediment generation in forested watersheds in the 
northwestern U.S. and present methods to estimate erosion 
rates and sediment delivery associated with forest 
management to aid watershed managers in prioritizing 
forest activities that reduce the likelihood of generating 
excessive sediment. This article focuses on erosion and 
sediment delivery processes and predictions in the 
northwestern U.S., but many of the processes are common 
in all forested watersheds (Patric, 1976; Patric et al., 1984; 
Ice and Stednick, 2004; Lafayette et al., 2012). 

SURFACE EROSION 
In forests, surface erosion is generally found on 

disturbed forested hillslopes and on forest road networks. 
Roads and other forest access corridors, such as skid trails 
and off road vehicle trails, tend to erode every year that 
they are used and are considered a chronic source of 
sediment, whereas forested hillslopes generally only 
experience erosion in the year or years following a 
disturbance. 

DISTURBED FORESTED HILLSLOPES 
Undisturbed forest hillslopes have minimal surface 

erosion (Patric, 1976; Megahan, 1975). Disturbances, 
whether natural or anthropogenic, can sometimes generate 
sediment greater than that of undisturbed forest hillslopes 
(Ice and Stednick, 2004; Elliot et al., 2010b). Natural 
disturbances, such as landslides and wildfire, are the most 
common natural sources of sediment (table 1). Wildfire is 
the natural disturbance (fig. 1) that generates the greatest 
amount of sediment (table 1). 

Wildfire 
Plant communities in forest ecosystems in the 

northwestern U.S. are adapted to infrequent wildfire 
disturbance (Graham et al., 2010). Intervals between 
wildfires can vary from 50 to 300 years (Agee and Skinner, 
2005; McDonald et al., 2000; Graham et al., 2010). The 
accelerated erosion rates following wildfire depend on the 
weather the following year (Megahan and King, 2004; 
Robichaud et al., 2007; Robichaud et al., 2011) and 
typically range from 1 to 20 Mg ha-1 in the year following 
the fire (Robichaud et al., 2010a, 2011). 
The attribute of wildfire that is most closely linked to soil 
erosion is burn severity. Severity is the degree to which an 
ecosystem has changed because of the fire (Lentile et al., 
2006; French et al., 2008). Severity is frequently classified as 
unburned, low, moderate, and high. Figure 2 shows a typical 
distribution of severity, in this case from the 2010 Four Mile 
Canyon fire near Boulder, Colorado. Severity is highly 
variable, as can be noted in figure 2. Severity depends on the 
amount and type of fuel (Turner et al., 1999; Bigler et al., 
2005); the ground cover that was available before the fire 
(Bigler et al., 2005); the slope steepness, aspect, and shape 
(Robichaud and Miller, 1999; Lewis et al., 2004; Bigler et 
al., 2005; Dobre, 2010); fuel moisture (Bigler et al., 2005); 
and wind direction and velocity (Roccaforte et al., 2008). 
South-facing slopes tend to be drier, experience a more 
intense fire, and have less ground cover remaining after the 
fire and thus are more susceptible to erosion (Dobre, 2010; 
Robichaud and Miller, 1999). Convex hillslopes tend to 
have less ground cover remaining after fire than concave 
hillslopes (Dobre, 2010). Because the severity is so highly 
variable, so are the erosion rates following wildfire. Covert 
(2003) and Elliot and Glaza (2009) observed zero or near-
zero erosion rates on sites that had experienced moderate 
severity fires. Robichaud et al. (2011) performed a series of 
studies on eight sites that had experienced high severity 
fires exclusively and observed erosion rates on small 
watersheds ranging from zero to more than 20 Mg ha-1 in 
the first year following wildfire. 

Table 1. Observed annual sediment delivery rates based on Robichaud
et al., 2010b; Covert, 2003; and Robichaud et al., 2011. 

Source 
Sediment Delivery Rate 

(Mg km-2 year-1) 
Undisturbed forest 0 to 8 
Low traffic roads 0.5 to 7[a] 
High traffic roads 1.8 to 100 

Timber harvest 0 to 13 
Prescribed fire 0 to 110 

Wildfire 0 to 2450 
[a] Assuming 2.5 km road per km2 and road width of 4 m. 
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Figure 2. Fire severity map of the 2010 Four Mile Canyon fire near Boulder, Colorado. 

Figure 1. Severe rill erosion following the Klamath Complex wildfire near Happy Camp, California (source: N. Wagenbrenner). 
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Following wildfire in this region, soils can become 
water repellent (DeBano, 2000; Lewis et al., 2004). 
Organic chemicals are vaporized by the fire. In soils with a 
high degree of porosity, these vapors can coalesce around 
soil particles in the top 10 to 50 mm of soil and make the 
surfaces of the particles water repellant. The hydraulic 
conductivity of such soils can be reduced by around 40% 
(Robichaud, 2000), leading to increased runoff, erosion 
rates, and sediment delivery (Robichaud, 2005; Robichaud 
et al., 2011; Foltz et al., 2008). The degree of repellency 
may decline over several years, may persist for many years, 
or may always be present when the soils are dry (DeBano, 
2000). 

Following wildfire, forest managers may attempt to 
reduce runoff, erosion, and sediment delivery in sensitive 
watersheds (Robichaud, 2005; Robichaud et al., 2010a). 
The most common hillside treatments are installation of 
erosion barriers, such as logs generally cut from fire-killed 
trees on the site or straw wattles on the contour, mulching 
with straw or other organic products, or hydromulching, 
(Robichaud et al., 2010a). Robichaud et al. (2010a) 
reported that sediment reduction from barriers ranged from 
negative (erosion increased) to 80%. The most effective 
treatments for reducing erosion have been mulching 
treatments, with a reduction in sediment delivery ranging 
from 20% to more than 90%. Road networks may also be 
treated following wildfire by installing larger culverts and 
employing other methods to cope with the anticipated 
increase in runoff (Foltz et al., 2008). 

Forest Management 
In the last half of the 20th century, timber harvest was 

the dominant forest management practice and provided 
building materials for the post-WWII building boom 
(Megahan and King, 2004). In addition to timber harvest, 

forest managers adhered to a proactive fire suppression 
strategy. These two practices have resulted in forests with 
an overabundance of even-age timber with a considerable 
amount of understory (Agee and Skinner, 2005; Graham et 
al., 2010). This type of stand is highly susceptible to 
wildfire (Turner et al., 1999; Bigler et al., 2005), and the 
frequency and severity of wildfire in this type of stand have 
been increasing in recent decades (Graham et al., 2010). 

In the past decade, management of federal forests has 
focused on fuel management to reduce the risk of high 
severity wildfire (Agee and Skinner, 2005; Graham et al., 
2010). The most common fuel management practices are 
thinning, particularly to remove the understory, and the use 
of prescribed fire (fig. 3). Recent studies have shown that 
these practices do not necessarily reduce the likelihood of a 
wildfire occurring, but they tend to reduce the severity of 
the fire (Reinhardt et al., 2008). Elliot and Glaza (2009) did 
not find any change in sediment due to thinning, whereas 
Karwan et al. (2007) noted that removing half the trees 
from half the subwatershed doubled the sediment yield. In 
the study by Karwan et al. (2007), clearcutting half of a 
subwatershed followed by an underburn increased sediment 
delivery by a factor of 3 in the year following the treatment. 
Hubbart et al. (2007) reported the runoff associated with 
the management practices in the Karwan et al. (2007) 
study. Hubbart et al. (2007) observed increases in runoff in 
excess of 270 mm year-1 associated with harvesting and 
thinning. From these two observations, Karwan et al. 
(2007) suggested that the increase in sediment yield 
associated with harvesting and thinning may be more 
linked to increased channel erosion than hillslope erosion, 
and they suggested that a future study focus on the sources 
of detached sediment following timber harvest (hillslope 
vs. channel). 

 

Figure 3. Fire line around a prescribed burn to reduce ground fuel loads in the Priest River Experimental Forest in northern Idaho (source: 
J. Sandquist). 
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Interest in using forests as a source of biomass for fuels 
is increasing (Elliot, 2010; Rummer et al., 2003). Rummer 
et al. (2003) reported that predicted erosion rates following 
the removal of forest biomass for fuel ranged from 0 to 
0.4 Mg ha-1, depending on climate and topography. This 
analysis included consideration of both increased road 
erosion and erosion from the harvested areas. 

FOREST ACCESS 
Forest roads serve a multitude of uses, including timber 

production, grazing, and recreation, as well as fire 
suppression activities. The forest road network is further 
augmented with temporary or long-term trails that can be 
made by logging skidders, all-terrain vehicles (ATVs), 
bicycles, wild and domestic animals, and humans. In the 
absence of wildfire, forest roads are generally recognized 
as the greatest generator of sediment within our forests 
(Megahan and King, 2004). 

Forest Roads 
Forest roads have long been identified as a significant 

source of sediment in forested watersheds (Megahan and 
Kidd, 1972; Packer and Christensen, 1977; Fransen et al., 
2001; Megahan and King, 2004). Road erosion rates range 
from less than 1 to 100 Mg ha-1, compared to undisturbed 
forests with erosion rates of less than 0.1 Mg ha-1. Sediment 
delivery from roads depends on the road surface conditions, 
road location, topography, soil properties, design, use, and 
management. The increase in erosion on forested hillslopes 
due to timber harvest, fuel reduction, or biomass removal 
will likely be minimal (Karwan et al., 2007; Elliot and 
Glaza, 2009), but greater traffic levels on roads and the 
construction of skid trails and temporary roads can increase 
overall erosion associated with forest management 
(Rummer et al., 2003; Elliot et al., 2010b; Robichaud et al., 
2010b). This fact is supported by previous research by 
Foltz et al. (2009). They observed that roads become 
overgrown with vegetation if not used. Should a road be 
cleared and used for logging traffic, the erosion rates 
increased considerably when vegetative cover is removed 
because hydraulic conductivity decreases and interrill 
erodibility increases. 

Newly constructed or reconstructed roads generate much 
more sediment than older roads (Megahan and King, 2004; 
Karwan et al., 2007). Karwan et al. (2007) noted that 
sediment yields generally increased when roads were 
reconstructed in relatively undisturbed watersheds, but they 
stated that “the impacts corresponding to road construction 
remain difficult to discern.” Even older roads will tend to 
generate some sediment unless they become fully 
vegetated, including all fillslopes and cutslopes (Foltz et 
al., 2009; Megahan and King, 2004). Older roads are also a 
perpetual risk of significant sediment generation from 
blocked culverts (Gucinski et al., 2001). Blocked culverts 
can lead to overtopping of the road surface, causing the 
road to wash out (Foltz et al., 2008), severe ditch erosion 
(Copstead and Johansen, 1998), or road fill failure (Elliot et 
al., 1994; Copstead and Johansen, 1998). 

The road surface has a much lower hydraulic conduc-
tivity than the surrounding forest, with measured values 

from less than 1 mm h-1 to about 10 mm h-1 (Elliot et al., 
1999b; Foltz et al., 2009, 2011). In contrast, the hydraulic 
conductivity of the surrounding forest ranges from 20 mm 
h-1 to more than 100 mm h-1 (Robichaud, 2000; Foltz and 
Elliot, 2001). The differences make the road a source of 
surface runoff and detached sediment, whereas the forest 
can serve as a buffer area for runoff infiltration and 
sediment deposition (Elliot et al., 2010b). 

Road erosion can be minimized by preventing rut 
formation (fig. 4) by applying quality gravel (Foltz, 2003), 
minimizing traffic when the road is wet (Gucinski et al., 
2001), or reducing the tire pressure of logging trucks (Foltz 
and Elliot, 1998). Sediment delivery from roads can be 
reduced by diverting runoff either directly to the fillslope 
with an outsloped road or to an inside ditch with an 
insloped road, if the inside ditch is well-vegetated or 
armored with rock. Gravel increases the ability of the road 
to carry traffic without rut formation. However, the gravel 
itself can be a source of fine sediment (Foltz and Truebe, 
2003). Another factor that influences road erosion is traffic. 
Roads with heavy traffic generate 4 to 5 times the sediment 
of roads with light traffic (Bilby et al., 1989; Coker et al., 
1993; Foltz, 1996; Luce and Black, 1999; Fransen et al., 
2001; Elliot et al., 2010b). 

Cutslope and fillslope erosion are dependent on cover 
and road design. Luce and Black (2001) were unable to 
measure any effects of cutslope height on sediment delivery 
from road ditches at the base of the cutslope. They 
suggested that the effects may have been masked by 
sediment generated from the insloping section of road, or 
that the exposed C horizon did not erode on larger road 
cuts, only the A and B horizons. Tysdal et al. (1997) and 
Elliot et al. (1999b), using the watershed version of the 
WEPP model, predicted that cutslope sediment delivery 
was less than 10% of the total for cutslopes up to 9 m high 
regardless of cover. Their modeling runs attributed about a 
third of the road sediment as coming from the road surface, 
and two-thirds from the ditch. Field observations of roads 
with cutslopes that appear to be eroding frequently show a 
significant amount of deposited sediment in the inside road 
ditch, suggesting that delivery of sediment from roads with 
eroding cutslopes and lower road grades may be limited by 
the transport capacity of the road ditch flow. In very 
sensitive watersheds, such as the Lake Tahoe basin, 
mulching cutslopes and incorporating mulch into the 
cutslopes has been shown to be effective in reducing 
cutslope runoff and sediment generation to zero or nearly 
zero (Grismer and Hogan, 2005). 

Outsloped roads seldom deliver any sediment through a 
vegetated buffer area between the road and a nearby stream 
unless they are paved (Benik et al., 2003), although there 
may be some evidence of erosion on the fillslope. However, 
on rutted and insloped roads, sediment collected in the ruts 
and/or the inside ditch can be transported downslope to a 
stream if the cross drain delivers the runoff to a swale or 
ditch that is directly connected to a stream (Elliot and 
Tysdal, 1999). In these cases, there is a risk that fillslope or 
offsite erosion may generate more sediment than was 
generated from the road itself (Elliot and Tysdal, 1999). 
Foltz and Elliot (2001) noted that filter windrows would 
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likely eliminate this erosion risk because of the high 
hydraulic conductivity under the filter windrow (up to 
200 mm h-1). Grace (2002) found that wood excelsior mats 
and seeding with exotic or native vegetation species all 
reduced runoff by about 50% and erosion by 90% on forest 
road cutslopes and fillslopes. 

Conversely, once the sediment leaves the road, the 
buffer area between the road and a channel can be a source 
of sediment if the contributing area of the road is high 
compared to the length of the buffer, or an area of 
deposition if the buffer is sufficiently long compared to the 
road length (Tysdal et al., 1997). Ketcheson and Megahan 
(1996) noted that the presence of large debris on the buffer, 
such as logs and rocks, influenced sediment deposition on 
the buffer and delivery from the buffer. 

Skid Trails 
Logs are generally collected from forests with rubber-

tired forwarders (on slopes less than about 10%), with 
tracked or rubber-tired skidders (on slopes less than 25%), 
and with overhead cables (on steeper slopes) (Elliot et al., 
2008; Rummer, 2010) and delivered to a road or landing 
(Rummer, 2010). Cable operations tend to cause fewer 
disturbances than skidders, although the steepness of the 
cable corridor is usually greater than with ground-based 
skidders (Elliot and Miller, 2004). Erosion rates of skid 
trails depend on how many passes of the skidder they have 
experienced, the soil water content at the time of skidding 
(Han et al., 2006), and, as with roads, where they are 
located on the landscape. The greater the distance of a skid 
trail from an upland channel or stream, the less potential 

there is to deliver sediment to the stream system (Litschert 
and MacDonald, 2009). 

Loss of ground cover (Robichaud, 1996; Elliot, 2010) 
and compaction (MacDonald and Seixas, 1997; Han et al., 
2006; Elliot, 2010) are the main attributes of skid trails that 
lead to increased erosion risk. Following skidding, erosion 
risk is frequently reduced by installing water bars to 
prevent accumulation of overland flow (Seyedbagheri, 
1996) or by mulching with slash (Seyedbagheri, 1996; Han 
et al., 2006; Elliot, 2010). Other common practices to 
minimize erosion on skid trails are to rip or scarify skid 
trails, and to apply grass seed following harvesting opera-
tions (Seyedbagheri, 1996). 

In most harvesting operations, streamside buffers are 
required that either restrict traffic within a specified 
distance of a stream, and restrict or limit log removal (Gray 
and Megahan, 1981; Seyedbageheri, 1996). 

Recreation 
One of the growing uses of forested areas is for 

recreation. Recreational impacts include campgrounds, 
increased traffic on forest roads, and erosion associated 
with ATV trails and other trails. Campgrounds generally are 
on flat areas that are covered with grass, and most erosion 
is limited to roads or parking areas. The effect of increased 
traffic on road erosion was discussed previously. Erosion 
from human or animal trails is likely to be limited, as trails 
are small, but could be significant where steep trail 
segments converge on or intersect streams (Ayala et al., 
2005), as was previously studied for skid trails (Seyed-
bagheri, 1996). ATV trails are a growing risk for sediment 

Figure 4. Measuring rut development on a logging road in the Willamette National Forest, Oregon (source: W. Elliot). 
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generation in forests. The erosion risk from unmanaged 
ATV trails may equal that of a road network in a forest 
(Meadows et al., 2008). This has resulted in restrictions on 
ATV access to sensitive parts of forested watersheds 
(Meadows et al., 2008). 

MASS WASTING 
Mass wasting is most often associated with weather 

patterns that lead to saturated soils on steep slopes, as 
common in the Washington and Oregon Coast Ranges 
(McClelland et al., 1997; Robison et al., 1999; Jones et al., 
2000). Several different types of mass wasting are 
common, including translation slides where the soil moves 
as a mass, and debris flows where soil, water, and rock mix 
into supersaturated slurry following a steep ephemeral 
channel (McClelland et al., 1997, Robison et al., 1999; 
USGS, 1999; Jones et al., 2000; Reid, 2010). 

One of the primary elements stabilizing slopes is tree 
roots. If the trees are harvested, or killed by wildfire or 
disease, the roots will decompose, and several years 
following tree removal or death, steep slopes are 
susceptible to failure (Hammond et al., 1992; Prellwitz et 
al., 1994). Harvesting of trees can also impact mass 
wasting, but in this case reducing the risk as the surcharge 
from the trees is removed from the slope. Gorsevski et al. 
(2006a) found the number of years following the removal 
or loss of trees to be important. They attributed this 
increase in stability to the regeneration of tree roots. Reid 
(2010) stated that increased vegetation growth resulted in 
increased evapotranspiration, and hence drier, more stable 
soils on steep slopes. Robison et al. (1999) did not show 
any significant difference in landslide occurrence due to 
tree age, but they noted that the lowest frequency of 
landslides occurred with trees 10 to 100 years old. This 
suggests that evapotranspiration was more important than 
root strength for Robison et al. (1999), as evapo-
transpiration tends to increase until forests are about 10 to 
15 years old (Ziemer, 1964; Jassal et al., 2009). Recent 
studies have shown that evapotranspiration rates may 
decline in old-growth forests (Hubbart et al., 2007; Jassal et 
al., 2009; Marshall and Kavanagh, 2011; Wu et al., 2012), 
leading to wetter soils and the increased density of 
landslides noted in older forests by Robison et al. (1999). 

Stream erosion at the base of steep slopes and road cuts 
on steep lands also can lead to instability (Robison et al., 
1999; Reid, 2010). In forests with active timber harvesting, 
roads often are associated with landslide initiation due to 
over-steepening of both the cutslopes and fillslopes 
(Fransen et al., 2001; Jones et al., 2000; McClelland et al., 
1997). McClelland et al. (1997) estimated that half the 
sediment from a forest watershed in northern Idaho over a 
20-year period could be attributed to landslides occurring 
during several winter rain storm events in 1973-1974, and 
many of those landslides were associated with roads. In 
another study of the same data set used by McClelland et 
al. (1997), Gorsevski et al. (2006b) developed a GIS 
method to predict the likelihood of a landslide occurring in 
a given 30 m cell. They found that different models were 

needed for cells containing roads than for cells without 
roads to predict the probability of a landslide occurring. 
Both predictive models included climate and slope shape 
and aspect factors, but the probability of a landslide 
occurring in a given cell for cells without roads also had an 
elevation term. Jones et al. (2000) stated that roads were 
often associated with debris flows because of the over-
steepening of fragile slopes and the concentration of runoff. 

CHANNEL EROSION AND  
SEDIMENT DELIVERY 

In forested watersheds, channels are dynamic, as they 
receive, route, store, and entrain sediment generated by 
disturbed hillslopes and roads. Sediment detachment 
processes can be divided into channel bed scour, channel 
bank scour, and bank mass erosion (Reid, 2010; Huffman et 
al., 2011). 

Channel bed erosion generally is a function of the size 
of material on the bed and the ability of the streamflow to 
entrain that material (Huffman et al., 2011; Ward and 
Trimble, 2004). The greatest amount of sediment move-
ment in northwestern streams is associated with runoff 
events that occur once every one to two years (Wolman and 
Miller, 1960; Simon et al., 2004; Ward and Trimble, 2004). 
Roads, wildfire, and upstream erosion can generate fine 
sediment in excess of the sediment transport capability of 
some stream segments, and the bed can become covered 
with fines (Bisson et al., 2003; Elliot, 2006). These fines 
tend to accumulate during years with low runoff events, but 
post-wildfire erosion and mass wasting or flood flow events 
replenish coarse sediment and large wood (Bisson et al., 
2003). Wildfires are infrequent, occurring once every 20 to 
300 years in northwestern forests (McDonald et al., 2000), 
so forest streams are in an ongoing process of routing 
sediment every year, with inferquent replenishment 
following wildfire. Since wildfire is widely distributed 
across forest landscapes, there is wide range of streambed 
conditions within the landscapes (Bisson et al., 2003). 
During larger events, the material may be mobilized and 
deposited farther downstream on bars within the channel, 
or overbank on adjacent flood plains (Committee on 
Riparian Zone Functioning and Strategies for Management, 
2002; Ward and Trimble, 2004). 

Streambank erosion is driven by larger flow events. Bank 
erosion is much greater than channel bed erosion since it is 
caused by mass failure as well as hydraulic shear from the 
flowing water. Bank erosion is initiated when the toe of a 
bank is undercut by channel erosion, followed by a period of 
high flow that can saturate the bank, and then a drop in flow, 
leaving the bank weakened by saturation and unstable from 
undercutting (Simon and Pollen, 2006; Elliot et al., 2010b). 
The bank will then topple into the stream (fig. 5), and 
gradually the toppled blocks will be eroded and the sediment 
transported downstream during high flows. When channels 
or banks are not disturbed, channels will reach an 
equilibrium condition. This process may take years following 
many of the above disturbances. Until it reaches equilibrium, 
the channel will tend to be a source of additional sediment. 
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Streambank erosion also can be aggravated by 
straightening the channel or diverting it around developed 
areas. This can lead to increased meandering and increased 
bank erosion (Elliot et al., 2010b; Huffman et al., 2011). 
The bank erosion in figure 5 was a result of diverting the 
downstream channel around an airport runway. 

PREDICTION TOOLS 
A number of prediction tools have been developed for 

estimating soil detachment, transport, and deposition in 
forests (Elliot et al., 2010b), including the Universal Soil 
Loss Equation (Dissmeyer and Foster, 1985) and its 
derivatives (Elliot et al., 2010b), WEPP-based technologies 
(Flanagan et al., 2013), a number of regional models 
(USFS, 1990), and GIS tools such as SEDMODL, SWAT, 
and GeoWEPP (Dubé and McCalmon, 2004; Arnold et al., 
1998; Flanagan et al., 2013; Elliot et al., 2010b). These 
prediction tools are frequently incorporated into interfaces 
targeting specific user needs (Elliot et al., 2010b; Flanagan 
et al., 2013). This discussion focuses on the application of 
the WEPP technology that has been developed to predict 
surface erosion in forested environments. 

THE WEPP MODEL 
The WEPP model was developed between 1985 and 

1995 by an interagency team of scientists led by the USDA 
Agricultural Research Service. The core team included 
agencies such as the USDA Soil Conservation Service, 
which was later called the Natural Resource Conservation 
Service, the U.S. Department of Interior Bureau of Land 
Management, and the USDA Forest Service (Laflen et al., 
1997; Flanagan et al., 2007). WEPP was developed to 
replace the Universal Soil Loss Equation (USLE) 
(Wischmeier and Smith, 1978). The USLE predicted 

erosion rates on the eroding part of a hill but did not 
consider the role of either non-eroding ridge tops nor areas 
of deposition at the base of many hills. The WEPP model 
first predicts runoff from the ridge to a delivery point or 
channel and subsequently predicts erosion, sediment 
transport, deposition, and delivery along that flow path 
(Flanagan and Nearing, 1995; Laflen et al., 1997). WEPP 
was originally run through an MS-DOS interface (Flanagan 
et al., 1994), and later a Windows 95 interface was 
developed (Flanagan et al., 1998). Elliot and Hall (1997) 
developed WEPP input files to describe road segments and 
disturbed forest hillslopes for the Windows interface. 

In 2000, an online suite of interfaces was published 
(Elliot, 2004) for forest road segments and hillslopes that 
could be accessed by any computer with a web browser. 
The WEPP model can require hundreds of input variables 
to run (Flanagan and Livingston, 1995), but these online 
interfaces require only a minimal amount of input, relying 
on large online databases to provide the necessary inputs 
(fig. 6). The interfaces also provide simplified outputs with 
customized features for forest conditions. The interface for 
predicting road erosion provides average annual values for 
road erosion and sediment delivery because roads erode 
every year, making the average value useful. The disturbed 
hillslope interface not only provides average values but also 
predicts the probability of annual erosion rates and 
sediment yields because increased erosion risk is likely 
isolated to the year of the disturbance, so a long-term 
average value is of less interest. The interface developed 
for wildfire provides probability of single-storm erosion 
events in the first five years following a wildfire, reflecting 
the need to evaluate risks of erosion associated with large 
runoff events rather than annual or average annual values 
(Robichaud et al., 2007). These interfaces performed 
reasonably well for the low erosion rates observed on 

 

Figure 5. Measuring toppled banks along a forest meadow stream in the lower reaches of the Upper Truckee River, California (source: 
W. Elliot). 
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forested hillslopes (Elliot and Foltz, 2001) and better than 
RUSLE technology for higher erosion rates following 
forest fires (Larsen and MacDonald, 2007). For the higher 
erosion rates on forest roads, Elliot and Foltz (2001) found 
that predictions were reasonable, and Grace and Elliot 
(2008) observed that both road erosion rates and sediment 
deposition rates were predicted well. 

WEPP was released in 1995 with two versions, a 
hillslope version and a watershed version (Flanagan and 
Nearing, 1995). The watershed version links together 
hillslope polygons, channel segments, and in-channel 
impoundments. Applying this tool to any watershed with 
more than two or three channel segments and associated 
hillslopes using WEPP Windows file builders is a difficult 
task, so GIS tools were developed to build the necessary 
files to run the watershed version of WEPP (Renschler, 
2003; Elliot et al., 2006; Flanagan et al., 2013). The GIS 
tools were developed for general applications to 
agricultural, rangeland, and forested watersheds. One of 
these tools that was under development targeted erosion 
risk following wildfire, but it was not widely distributed 
(Collins et al., 2010). The post-wildfire watershed tool was 

designed to incorporate fire severity maps prepared to aid 
in planning post-fire rehabilitation to address the spatial 
variability common after wildfire (fig. 2). However, 
preparation of the GIS files necessary to run these tools 
requires a high degree of GIS application skill, so the GIS 
tools have not been widely used. 

The most recent WEPP erosion prediction tool is an 
online watershed interface (Flanagan et al., 2013; 
Frankenberger et al., 2011) developed specifically for 
forested watersheds. This tool accesses numerous U.S. 
national databases for land cover and soil properties where 
they are available. On some federal lands, the national soil 
database is not available and users must rely on alternative 
sources to determine the distribution of soil properties and 
manually enter those properties. The current version of the 
online watershed interface focuses only on hillslopes and 
channels and does not model erosion from road networks. 
In the case of wildfire, the distribution of the severity of the 
fire must be entered manually, as the current tool has no 
way of incorporating the variability of wildfire severity 
within a watershed. Development is ongoing to incorporate 
road networks and wildfire severity maps into the online 

Figure 6. Version 2011 input screen for the Disturbed WEPP online interface, requiring the user to specify four input conditions and provide 
ten input variables describing key topographic, vegetation, and soil conditions. 
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watershed interfaces. 
One of the challenges in modeling forest watersheds in 

the northwestern U.S. is that climate variability within 
watersheds is considerable. If the area of the watershed is 
greater than several square kilometers, it is not unusual to 
have a difference of a factor of 2 or more in annual 
precipitation within the watershed due to orographic and 
rain shadow processes. During a rainfall event on larger 
watersheds, smaller, more intense storms may occur on one 
part of a large watershed but not elsewhere (Ward and 
Trimble, 2004). In addition, if there is a large elevation 
difference within a watershed, some parts of the watershed 
may have rain leading to runoff, and some snow, or some 
parts may have melting snow and some parts not (McCabe 
et al., 2007). 

WEPP MODEL INPUT REQUIREMENTS  
AND SENSITIVITY 

All applications of the WEPP model have four input 
files: topography, soil, vegetation, and weather (Flanagan 
and Livingston, 1995). For a single hillslope run, the 
number of variables required can be in the hundreds, but 
databases have been developed for all of the common forest 
erosion prediction needs. Databases for these variables are 
distributed with the Windows version of WEPP and are 
incorporated into the online hillslope and watershed 
interfaces. 

When applying WEPP, users have found that runoff is 
correlated with both hillslope length and steepness (Zhang 
et al., 2009; Miller et al., 2011). In the original version of 
the WEPP technology, Lane and Nearing (1989) found that 
sediment delivery predicted by WEPP was less sensitive to 
slope steepness than was the case with the RUSLE model, 
and that the sensitivity of sediment delivery to slope length 
depended on steepness, with greater sensitivity on steeper 
slopes. Zhang et al. (2009) found that sediment delivery 
was related to hillslope length but not steepness. Miller et 
al. (2011) also found that sediment delivery was sensitive 
to slope steepness. However, Miller et al. (2011) found that 
sediment delivery predicted by WEPP was not sensitive to 
slope length in a drier climate (annual precipitation = 
400 mm year-1), but it was in a wet climate (annual 
precipitation = 2200 mm year-1). 

When using watershed tools to determine slope length 
and steepness values, Zhang et al. (2009) found that, in a 

smaller watershed (106 ha), using a 30 m digital elevation 
model (DEM) resulted in a hillslope erosion rate that was 
three times the amount generated by a 10 m DEM. In a 
larger watershed (177 ha) that had the small watershed 
nested within it, the predicted erosion rate was 50% greater 
with a 10 m DEM (table 2). The reasons for this 
discrepancy are discussed by Zhang et al. (2009) and are 
related to the interactions of slope steepness and length due 
to DEM resolution. In the smaller watershed, the length 
was shorter, but the hillslope was steeper with the 10 m 
DEM, and the net effect was a larger predicted erosion rate 
for the 10 m DEM compared to the 30 m DEM. Zhang et 
al. (2009) also suggested that the finer resolution allowed 
the model to better discern the presence of low-gradient 
sites of deposition at the bottom of the hillslopes. Yao et al. 
(2010) found a similar response to topography when 
comparing 10 m and 30 m DEMs on nearby agricultural 
sites using RUSLE2 (table 2), but in their study, the 
predicted erosion rate was greater with the 10 m DEM. In 
the larger watershed in the Zhang et al. (2009) study, the 
overall steepness was less on the larger watershed 
compared to the smaller watershed nested within it, but as 
with the smaller watershed and the Yao et al. (2010) study, 
the 10 m DEM predicted steeper slopes than the 30 m DEM 
(table 2). In the larger watershed, the average hillslope 
length was longer when using the 10 m DEM, resulting in a 
greater predicted erosion rate with the 10 m DEM. When 
comparing WEPP’s predictions using LIDAR for finer 
DEM resolutions, Moreira et al. (2011) focused on 
steepness only, fixing the slope length from 1 m DEM 
analysis (table 2). They noted that at resolutions below 
10 m, average steepness declined at higher resolutions, as 
did the predicted sediment delivery rate. Zhang et al. 
(2009) noted the same trend, as predicted erosion rates 
dropped for the 4 m LIDAR-derived DEMs in their larger 
watersheds (table 2). Moreira et al. (2011) suggested the 
reason for the decline in sediment delivery was that the 
finer resolutions had more areas of deposition predicted 
along the hillslope, reducing the overall generation and 
delivery of sediment. 

The single most important soil variable for a smaller 
storm is the saturated hydraulic conductivity, and the rill 
erodibility value for a larger storm (Lane and Nearing, 
1989). Saturated hydraulic conductivity is reduced within 
the WEPP technology in direct proportion to the soil rock 

Table 2. Effect of DEM resolution on hillslope topography and predicted erosion rate. 
DEM Resolution 
(m) and Source[a] 

Number of Eroding 
Hillslopes 

Avg. Length 
(m) 

Avg. Steepness 
(degrees) 

Predicted Erosion Rate 
(Mg ha-1 year-1) Source 

4 (LIDAR) 2 212.9 21.5 0.8 Zhang et al., 2009 
10 (NED) 2 189.5 20.4 0.3 (Watershed 5) 
30 (NED) 2 207.3 18.9 0.9  
4 (LIDAR) 5 187.7 20.2 1.9 Zhang et al., 2009 
10 (NED) 4 209.4 18.9 8.7 (Watershed 6) 
30 (NED) 5 204.7 17.6 5.2  
10 (NED) 18 57.3 10.6 23.99 Yao et al., 2010 
30 (NED) 18 69.16 8.4 22.84  

Observed topography 18 - - 28.94  
1 (LIDAR) 4 945.38 21.63 0.13 Moreria et al., 2011 
3 (LIDAR) 4 945.38 22.78 0.15  
5 (LIDAR) 4 945.38 22.85 0.14  

10 (LIDAR) 4 945.38 24.27 0.16  
[a] NED = National Elevation Data Set (USGS, 2006); LIDAR = Light Detection and Ranging data collected by fixed-wing aircraft for a specific area. 
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content, and like Lane and Nearing (1989), Miller et al. 
(2011) found that WEPP was more sensitive to rock content 
altering hydraulic conductivity in a dry climate than in a 
wet climate. 

In a forest environment, vegetation, or degree of 
disturbance, has more influence on runoff and erodibility 
than the soil physical or chemical properties (Robichaud et 
al., 1993; Elliot and Hall, 1997; Elliot, 2004; Robichaud et 
al., 2007). Because of this, the WEPP soil databases in 
WEPP Windows, the online WEPP hillslope interfaces, and 
the online WEPP watershed interfaces all have soils 
categorized by one of eight of the surface vegetation 
classes (mature forest, young forest, shrub, bunch grass, 
sod grass, low severity fire, high severity fire, and skid 
trail) and only four textural categories (Elliot, 2004). A 
similar approach was adopted by the developers of the 
Rangeland Hydrology and Erosion Model (Nearing et al., 
2011), which categorizes soils into eleven textural classes 
and four “dominant plant growth forms” (bunch grass, 
forbs and/or annual grasses, shrubs, and sod grass). In 
addition to selecting the correct soil and vegetation 
condition, the other critical vegetation input variable is the 
surface cover (Elliot, 2004; Miller et al., 2011). In earlier 
applications of WEPP to forest conditions, the surface 
cover had to be defined by altering the biomass conversion 
ratio to generate biomass, plant senescence, and residue 
decomposition rate (Elliot and Hall, 1997; Elliot, 2004; 
Dun et al., 2009). In the current online versions of WEPP, 
and in several of the WEPP Windows databases, these 
values have all been zeroed out, and the user simply enters 
a constant for the ground cover variable. 

The weather file to run WEPP is generally stochastically 
generated by an internal climate generator (Flanagan and 
Nearing, 1995). The database with the climate statistics for 
this generator includes about 2600 NOAA weather stations 
(Scheele et al., 2001). However, this is a problem for most 
forest users, as the weather stations in the western U.S. tend 
to be located in valleys that are relatively dry, whereas the 
forests are found in the mountains that can have much 
higher precipitation amounts. To address this, the PRISM 
monthly precipitation database (Daly et al., 1994) was 
incorporated into the online interfaces (Scheele et al., 
2001). This database estimates the average monthly 
precipitation amounts at a grid size of 4 km. In the online 
watershed interface (Frankenberger et al., 2011), the grid 
size is reduced to 800 m. Miller et al. (2011) clearly 
showed the difference in predicted erosion rates as a 
function of climate, with predicted erosion rates following 
wildfire varying from about 5 to 120 Mg ha-1 year-1 as 
precipitation was varied from 400 to 2900 mm year-1. The 
online hillslope interface (Elliot, 2004) includes instruct-
tions to download PRISM data to use with the WEPP 
Windows interface. The ArcGIS version 9.3 of GeoWEPP 
includes the same PRISM database as the online hillslope 
interfaces (Flanagan et al., 2013). In addition, the online 
hillslope interface and GeoWEPP interface allows users to 
specify their own monthly precipitation amounts and 
temperatures if they have local information. This feature 
can be used to develop climates for anywhere in the world 
(Elliot, 2011). 

LIMITATIONS TO WEPP TECHNOLOGY IN FORESTS 
WEPP is a physically based model, and databases have 

been developed to describe the soil, climate, and vegetation 
conditions in western U.S. forested watersheds. The 
primary limitation of the current WEPP technology for 
forest application is the size of the watershed that can be 
modeled. There are three reasons for this limitation. The 
first is that, in the western U.S., there is a considerable 
variation in precipitation amounts and distribution (Daly et 
al., 1994) within larger forest watersheds. Both the current 
Windows and online watershed interfaces assume that the 
same climate should be applied to the entire watershed. 
Although PRISM monthly weather statistics are now 
available on an 800 m grid, the WEPP interfaces assume 
that a single climate is applied to the entire watershed. This 
leads to errors in both timing and rates of runoff, especially 
in snow-dominated watersheds, where lower-elevation 
hillslopes melt early in the spring, generating surface runoff 
and lateral flow, whereas snow on higher-elevation 
hillslopes does not melt until late spring. Research is 
ongoing to develop methods for applying variable weather 
conditions within a large watershed (Brooks et al., 2010). 
The second limitation for applying the WEPP technology to 
large watersheds is that current versions of the WEPP 
watershed tool do not incorporate base flow (Zhang et al., 
2009; Elliot et al., 2010a). Brooks et al. (2010), Elliot et al. 
(2010a), and Srivistava et al. (2013) present a method 
currently under development to address this shortfall using 
a groundwater linear flow model that predicts base flow as 
a function of the deep seepage predicted by WEPP and 
geology. The third limitation for larger areas is that the 
current WEPP watershed version uses a modified rational 
method for estimating peak runoff rates (Flanagan and 
Nearing, 1995). This method is not applicable to large 
watersheds, where it may take more than 24 h to route a 
storm. This limitation is currently being addressed by 
developing a channel routing technology based on a 
discrete Hayami convolution method (Wang et al., 2009; 
Wang, 2012). 

The current WEPP online and standalone GIS tools do 
not have the ability to delineate road networks and analyze 
sediment generated from those networks. Batch processing 
has been developed for road segments (Brooks et al., 2006), 
and a batch processer is now included with the online 
interfaces not only for roads but also for running batches of 
forested hillslope polygons. Work is ongoing to incorporate 
advanced GIS techniques to simplify delineating road 
networks and predicting erosion from individual segments 
within that network. 

MODELING APPROACH TO FOREST MANAGEMENT 
There are three major areas where WEPP technology has 

been developed for forests: forest road management, forest 
management, and post-wildfire management. For forest 
road modeling, managers generally use a combination of 
field surveys, mapping, and GIS tools to estimate road 
segment length and gradient, road width, road surface 
condition (rutted, insloped, outsloped, or crowned), road 
ditch condition (bare or vegetated), and traffic level. These 
variables are then entered into either the WEPP road 
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interface (Elliot, 2004) or the batch interface (Brooks et al., 
2006). In many instances, only a fraction of the roads are 
inspected, and the rest of the road network is assumed to 
have similar sediment delivery characteristics (Formica et 
al., 2004). Luce and Black (2011) developed a road 
network inventory procedure that is linked to GIS tools to 
predict sediment delivery from road networks. With the 
Luce and Black (2011) tool, sediment delivery can be 
estimated with WEPP technology or with a simplified 
regression equation developed for roads in the Oregon 
Coast Range. 

The online Disturbed WEPP interface is frequently used 
to evaluate the impacts of forest management on erosion 
and sediment delivery (Elliot, 2006, 2010; Elliot et al., 
2010b). It not only predicts average annual erosion rates 
and hillslope sediment delivery but also the annual erosion 
rates associated with several different return periods. For 
forest management, the general approach that has been 
developed is to estimate the erosion from an undisturbed 
forest and the erosion from a wildfire using the online 
Disturbed WEPP interface (fig. 6, Elliot, 2004). The 
wildfire erosion rate is divided by the frequency of the 
wildfire to get an “average” erosion rate. This average is 
added to the undisturbed forest value to estimate a 
“background” erosion rate. Erosion rates associated with 
thinning, harvesting, and prescribed fire are then estimated 
and also averaged over the frequency of occurrence. The 
wildfire erosion rate may be recalculated for the treated 
forest assuming that it may be less severe or less frequent 
with the removal of fuel (Reinhardt et al., 2008), and a 
managed scenario can be created to compare to the 
background value. Table 3 presents a typical example of 
this application. A spreadsheet can be downloaded from the 
Disturbed WEPP website to run batches of hillslopes, to 
allow the user to consider multiple treatments on a single 
hillslope or multiple hillslopes. In addition to the forest 
hillslope analysis shown in table 3, managers generally add 
in the sediment contribution from the road network. This 
series of steps has been combined into a single online 
interface called WEPP:FuME (Elliot and Robichaud, 
2006). These same steps can be followed for carrying out a 
watershed analysis, although the disturbances on individual 
hillslope polygons need to be distributed in time and space, 
requiring a separate run for each year with the disturbances 
and recoveries from previous disturbances noted for each 
year’s run. Such an approach is similar to that developed by 
the USDA Forest Service in the WATSED model (USFS, 
1990). 

A different approach is used to model erosion following 
wildfire. Rather than use average annual sediment delivery 
values as described for managed forest hillslopes, a single 

storm probability approach has been developed with the 
Erosion Risk Management Tool (ERMiT, Robichaud et al., 
2007, 2011). ERMiT is also a single hillslope tool, requiring 
input similar to the Disturbed WEPP interface in figure 6. 
ERMiT considers the variability associated with fire severity, 
spatial variability, and weather to predict the probability of 
exceeding a given sediment delivery. Like the Disturbed 
WEPP interface, it is run for a single hillslope at a time, and 
it can also be run as a batch. ERMiT also has a unique 
feature in that the output screen is interactive, allowing the 
user to consider different probabilities for an event, or to 
evaluate different treatments. Figure 7 shows the output table 
of the erosion rates expected to be exceeded 20% of the time. 
The results from a series of ERMiT runs can be used to aid 
natural resource managers in determining whether hillslope 
treatments are needed and can also be beneficial following a 
given fire. Future work is focusing on combining the WEPP 
technology with forest fire spread models and optimization 
models to aid in targeting forest fuel management activities 
to minimize fire spread and/or post-wildfire erosion based on 
current or future forest conditions (Jones, 2012). 

If users are interested in more complex output analysis, 
such as individual event analysis, comparisons between dry 
years and wet years, long-term averages, or single-storm 
effects, then the WEPP Windows interface can be used. The 
database with the Windows interface contains the same 
files as those used to support the online interfaces but offers 
a much more flexibility to model complex conditions. In 
recent years, these applications have included erosion from 
mineral development, probabilities of runoff and erosion 
associated with winter events only on a feedlot, and risk of 
summer pesticide delivery. 

Table 3. Example of applying the WEPP hillslope tools to support management of a forested hillslope. 
No 

Treatment 
Sediment 
Delivery 

Average Annual 
Delivery Treated 

Sediment 
Delivery 

Average Annual 
Delivery 

Forest  0.49 t acre-1   0.49 t acre-1 
   Thinned forest 0.54 t acre-1  
   Treatment interval 20 years 0.03 t acre-1 

High severity wildfire 12 t acre-1  Reduced severity wildfire 3.48 t acre-1  
Fire return interval 50 years 0.24 t acre-1 Fire return interval 70 years 0.05 t acre-1 

Average annual erosion  0.73 t acre-1   0.57 t acre-1 

Figure 7. Typical output screen from an ERMiT run showing a 20% 
chance of exceeding the stated sediment delivery value for a single 
runoff event for the given treatment and year following a wildfire, 
based on the input soil texture, fire severity, climate, and topography.
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METHODS FOR VALIDATING THE WEPP MODEL 
The WEPP model predicts runoff, upland erosion, 

sediment delivery at the bottom of a hillslope, and sediment 
delivery from a channel. Different monitoring methods are 
needed for each of these processes. The ability of WEPP to 
predict the timing and amount of runoff from a hillslope 
can be tested on small plots with tanks, as described by 
McCool et al. (2013). On larger plots, ranging from a 
fraction of a hectare to several square kilometers, outlet 
weirs and flumes are generally used, as described by Foltz 
(1996), Zhang et al. (2009), and Robichaud et al. (2011). 
Erosion rates on forested hillslopes are most easily 
measured using silt fence collectors (Robichaud and 
Brown, 2002; Elliot and Miller, 2004). Sediment delivery 
from small watersheds can be collected in tanks (Luce and 
Black, 1999; McCool et al., 2013) or with sediment basins 
(Foltz, 1996; Elliot and Glaza, 2009). On larger watersheds, 
generally a proportional sampler is used in conjunction 
with a weir or flume (Fransen et al., 2001; Schleppi et al., 
2006). In most weir installations, a sediment trap upstream 
is used to collect bed load (Fransen et al., 2001), as the 
sediment collected by the proportional sampler is 
considered suspended sediment. The rate of sampling for 
sediment concentration is increased as the depth of flow in 
a weir or flume increases. In all cases, it is essential to have 
accurate weather data collected close to the plot to avoid 
errors associated with differences in elevation. In larger 
watersheds, multiple locations of precipitation and temper-
ature monitoring equipment are essential (MacKenzie et al., 
2007). If snow accumulation and melt are a concern, then 
snow depth observations may be essential for calibrating 
and validating runoff and sediment models (Srivistava et 
al., 2013). 

SUMMARY AND CONCLUSIONS 
The greatest amounts of erosion are associated with 

infrequent wildfires in forests in the western U.S. The 
sediment from these fires is gradually routed through the 
stream system. The greatest amounts of sediment transport 
are associated with the one-year to two-year peak 
streamflows. The forest road network is the second greatest 
source of sediment and continuously generates sediment. 
Recreation may be an increasing source of sediment in 
forest watersheds. At times, eroded sediment may 
accumulate in channels until higher flow rates flush it 
downstream. Landslides and debris flows can contribute 
significant amounts of sediment during infrequent wet 
years or following wildfire. Stream channels store and 
route sediment; in the absence of channel disturbance, they 
tend to reach an equilibrium condition in which the 
sediment entering a given reach is balanced by sediment 
carried downstream. Prediction models are available for 
hillslope and road segment processes, but additional 
research is needed to develop watershed models that can 
incorporate road networks, flood routing, and spatial 
variability associated with wildfire severity and weather. 
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